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ABSTRACT 


In tbn design end febrieetlon of silicon soler cells epproeching 
theoreticelly uitiaste converrion efficiencies , surfece recc^inetion velocity 
pleys s cruciel role. A technique using e scenning electron nicroscope with 
pulsed electron been hes been developed for the neesurenent of this inpertent 
pereneter of silicon surfaces. It is shown that the surface reconbination 
velocity) s, increases by an order of negnitude idien an etched surface 
degrades, probably as a result of environnental reaction. A textured front- 
surface-field cell with a high-low junction near the surface shows the effect 
of ninority carrier reflection and an apparent reduction of s, whereas a 
tanden- junction cell with n'*‘-p junction near the surface shows ar. increasing s 
value. 


Electric fields at junction interfaces in front-surface-field and tanden- 
junctlon cells acting as ninority carrier reflectors or sinks tenl to alter 
the value of effective surface rccoiri>ination velocity for different hetmr 
penetration depths. A range of values of s fron about 10^ to 10' cn/sec 
has been found for different surfaces. 
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SECTION I 


INTRODUCTION 


The eonverelon efficiency of soler celle ie influenced by cell design 
end neteriel properties (Reference 1). To design soler cells epproeching the 
hipest theoretiesl conversion effieieneyi ell peraoMters releted to neteriel 
and processing Bust be made optiaal* The suiteriel property effecting the 
collection efficiency of light-generated cerr.>rs is the minority carrier 
lifetime t, which is governed by the recombination rate within the bulk. In 
addition, charge carriers are lost as a result of the recombination at the 
surface (References I, 2). 

Surface properties such as charge accumulation sites or surface states, 
surface potentials, etc., influence the rate of recombination (Reference 3). 

By analysing the statistics of recombination through surface states, a method 
was presented that yielded an explicit expreasion for surface recombination 
in terms of the surface potential and the pertinent parameters of the surface 
states involved (References 4, 5, 6). 

The presence of surface recombination in addition to bulk recombination 
results in a net flow of carriers toward the surface. This is described by 
the expression surface recombination velocity (s), which is defined as the 
ratio of the rate of flow of charge carriers into a unit surface area to the 
excess carrier density in the bulk just beneath the surface (Reference 7). 

With the development of materials technology, silicon is slowly evolving 
with values of r approaching milliseconds. Techniques of surface preparation 
of silicon solar cells for reduction of s are necessary; oxidation, front- and 
back-surface fields, etc. have been tried with some success. A reliable 
technique for direct measurement of s is therefore needed. 

In general, s is derived indirectly from minority carrier lifetime 
measurements. Effective lifetiise, ^ff, as measured, is ssmller than the 
bulk lifetime t. This effect is used in determining s. Most cosnonly, r^ff 
is deduced from conductance measurements under nonequilibrium conditions. The 
photoelectromagnetic (PEM) effect and the Haynes-Shockley technique have also 
been used for finding T^ff. Infrared absorption and surface photovoltage 
techniques are sometimes used for deduction of s. These techniques, however, 
are indirect and some of them rely on curve fitting for obtaining s. 

A siore suitable technique for the direct measurement of s for solar 
cells uses a scanning electron microscope in the electron-beam-induced-current 
(EBIC) mode. As presented (Reference 8), this method has practical problems 
of consistency and accuracy because of the surface scattering of the e-beam 
and requitement of a constant carrier generation rate at low beam energies 
(a:5 keV). 

The analysis and the technique have been refined using a pulsed electron 
beam in a scanning electron microscope (SEM). The theory of this measurement 
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is developed in Section II} the experiaentel procedure it described in Section 
III. Four different types of solsr cell end releted surfsces hsve been used 
in the experiaentsl detensinstion of s. A description of the ssaples is 
given. Messureaent dets* celculstionsy end results ere presented in Section 
TV. Section V contsins e discussion of results. Concluding reasrks ere 
’tresented in Section VI. 
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TtMor«tie«l aodtlt (toftrcne** 8» 9» 10) have baan praaantad pravioualjr 
for datarainatioa of tha Minority earriar lifaeiMOt r* Analyaaa hava ahown 
that for aanpla thieknaaa largar than tha Minority earriar diffusion langth L» 
tha tiMa dacay of BBXC ia axponantial for tiMaa t^aatar than Minority earriar 
*ifatiMa» lait ia affaetad by a. 

For a parallal Junetion gaoMOtry, for a eonatant rata of earriar 
ganaration by tha alaetron baaM at diffarant anargiaa» it haa baan ahown 
(Rafaranea 8 ) that 


• . D I; (1. 


( 1 ) 


uhara 

D ■ diffuaion eonatant 

( ■ penetration depth of the electron bean given by 
with A and B ca conatanta and B 5 at 
bean energy. (Thua( -*o n B^'^'O) 

Xge ■ abort circuit current or BBXC 


Blectronohole pair generation rate in ailicon (Referencea 11 » 12) ia 
given by 


C 


(I - M 



( 2 ) 


where 

k ■ back-acattering coefficient 

17 <■ Mean energy loaa of the back-acattered electron 
I|) ■ beaM current 

e£ “ ioniaation energy required to generate each 
electron-hole pair 

q ■ electron charge 

The aaauMption of a eonatant generation rate G for low bean energiea 
CkB keV) ia difficult to verify in practice becauae of the large variation of 
back-acat taring coefficient and the naan energy loaa of the back-acattered 
electrona at theae lower bean energiea. The value of ioniaation voltage at 
low energy alao variea; valuea tram 29.8 eV to 3.6 eV have been quoted in the 
literature (Referencea 11 1 13t 14) for bean energiea of 5 keV to 12 keV. 
Another practical problen of Meaaurenent at low energiea ia introduced by 
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•urfacc~>eatt>rinc v«ti«tlooi» uhlch cause Inconaictuncici In ■•••nrcBintc • 
The enelyeie thet follove le bated on no raatrietion of bean anergiea and is 
therefore nore oMnable to experiaental deteminatlon of a. First, an exact 
analyais is presented. Next, since high-efficiency eolar cells are nore 
likely to have large L values, an approxinate analysis is dexuloped «diich 
enables detemination of s without the necessity for MaoursBant of L. 


gxact Analysis I 


\fhen an electron bean inpinges on a silicon surface with a parallel 
junction on the back side (Figure 1), the induced currant eollectad at the 
Junction is given (Mfaranea 15) byt 


cosh *48 sitih 


ac 


qG 


or 


Hi-#- 


cosh 


♦ 8 sihh 


(3) 


where 

L - minor ity carrier diffusion length 
8 — nomalised surface reconbination velocity 
• • L. where D is the diffusion constant 

• I - ^ 

D 

Sj ■ distance of collecting Junction from the top surface 

dotting ^ ^ as nomalised penetration de’,<th, and taking the 

derivative of the logarithn of Equation 3: 

^ a. ^ u. x.> . n g $ : } na -l 



Figure 1. Parallel Junction Geonstry for gcanning 
Electron Microscope Measureiwnt 


( 4 ) 
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MliLeh e«n b* •olvtd for • to giro 




D 



•tab » - coth jt ^ (in 1|^) 
•inh f ^ (In t||) - conh f 


Further* nubttltution of Bquntion 4 in Bguntion 5 gimt 


(5) 


a . % Fs (conh ^*8 tinh #)T 

*.c’ [ (tinli f * t J 

Coapnrinon of Fquntionn 6 end 1 nboun that ri o vlng the mnCrietion 
of (*»o introdueon n factor (in bracketa) uhleh la a function of 8 and^. 

Figure 2 ahoi.»a the variation of f ■ ^ 8 

aa a paranetor. Another relationahip between a and 8 ia given by 


When Bquat:'ena 6 and 7 are plotted with Meaured valuea of Zg^ and L* the 
value of a ia obtained aa the point of internee t ion. 


Approxinate Analyaia t 


For ailieon with diffuaion lengtha L aueh that^4Cl, Bquetion 3 
can be aiaplified for two valuea of ^ (V| and ^^2^ ** 

[ eoah ♦ 8 ainh 

cba¥ T" * ff aiai f J 

•“*' ^ pcoah ^2 ♦ * M 

^H2 " l^coak 2*8 ai^ Z J 


(8) 

(9) 


where 


Z 


L 


ia the nom.'.liaed junction depth. 


Thin can be further aiaplifiedy beeauae of the relationahip eoah 9^ ■ 1, 
and ainh aa 


^ » <»l ♦ »i> 

»*1 ■ ‘k • ‘•’l - *2> 

giving 

• ■ ® TrrfjirTpi^r 


( 10 ) 
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since this approxiaecion auggeace a linear relationahip of the fora 

■ a ♦ b • C 

Where a and b are conatantay equation 10 can be written aa 

s B ^ . p . 10^ ca/aec (11) 

For Bqur :iona 6« 10 and 11 to be valid, the generation rate G at different 
bean energiea baa to be held conatant. A relationahip of G oc Bpip is 
eaaier to neet in practice for Bp ^10 keV> 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

SECTION III 
EXPERIMENT 


The experimental setup consists of an ISI-60A scanning electron 
microscope (SEM) with beam blanking unit. The beam energy can be varied in 
steps of 1 keV from 1 to 30 keV. Beam current is measured by a Faraday cup 
placed near the specimen under test. Beam blanking is operated at 30 Hz. 

Figure 3 shows an 1SI-60A SEM with console and column; Figure 4 shows the 
specimen stage. 

The specimen under test consists of a p-n junction shielded with 
metal-coated Mylar to absorb reflected electrons from the specimen. The Mylar 
has an opening of about 1 x 1 ram for beam impingement. The metal on the Myljr 
sheet is grounded. The signal is brought out by the front and back contacts 
of the specimen to a PAR 191 current preamplifier. Its output is fed to a 
lock-in analyzer PAR 5204 and the final reading in millivolts proporticnal 
to Ig^ or EBIC is obtained from a voltmeter connectel to the lock-in ampli- 
fier. The schematic is shown in Figure 5. 

The experimental procedure consists of creating electron-hole pairs in 
the specimen at different beam energies by a pulsed electron beam. The result- 
ing short-circuit current Ig^* or EBIC is measured by a digital voltmeter as a 
proportional voltage output of the lock-in amplifier. For each E^j the data are 
obtained for a range of beam currents. From these data, relative Ig^ values 
for a constant E^ product (hence constant G) are interpolated and utilized 
for determination of s. 



Figure 3. IS1-60A Scanning Electron Microscope 
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Figure 4. Column Interior: the Specimen Stage 


Four different surfaces on three specimens were used in our measurement 
of surface recombination velocity, as described below: 

(O Sample DCO-3: A l-ii-cm boron-doped silicon sample was thermally 

diffused on the back side with PH 3 to form a junction about O.S 
deep. Electrical contacts were made to the surface on the 
front (p) and back (diffused) side. The specimen configuration is 
shown in Figure 6 . The surface of the specimen was investigated 
under two conditions. Measurements were made first with the 
surface freshly etched with HF:HN 03 :HAC (Case l), and again 
after the etched surface was left in the SEM column overnight 
(Case 11). 

(2) Sample FSF: A f ront -sur f ace-f ie Id solar cell with ion-implanted 

front layer of p*** about 2000 A deep was used for the measurements 
of s. The cell geometry and measurement configuration is given in 
Figure 7. It has a texturized front surface and n"^ and p^ 
contacts on the back surface. 
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SIGNAL 


Figure S. ScheMtlc of Meesuroaent Setup 



Figure 6. Configuretion of Seaple DCO-3 
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PULSED a-SEAM 



Figure 7. Front •Surface-Field Cell Configuration 


(3) Sample TJC: The cell configuration is shown in Figure 8. This is 

a tandem-junction cell with an n'*' implanted layer on the front 
with a textured surface. The n'*’ and p'*’ contacts are on the 
back side. Figure 9 shows front and back views of the cell. 
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FRONT BACK 

Figure 9. Tandem-Junction Cell 
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SBCTIOM IV 


CALCULATIONS AND RESULTS 

i 

{ 

I SmapU DCO-3 (C«>« I) 

I 

Thtt data of voltMter readings proportional to I^^ at various levels of 
I^ with B|, as a paraMtar are plotted as Figure 10* For the B^I^ product 
of 1.5 X 10~^ electron-volt-aapara (aVA)( values of I^^ and B^ are given in 
Table 1. The penetration depth ( is obtained using the following relationship 
(Reference 16) t 


i - 0.82 [Ejj (keV)]^*^* X 10“^/im 
Use of Equations 6 and 7 » 

Also given in the table are the values of In I^^. The derivatives 
d In I at mean depths i ■ 1*1 fm and 2.5 urn are obtained using a least- 

dT 

square fit of the data at 10, 14, 18 and 22, and 22, 26 and 30 keV, respectively. 


The value of L ■ 120 fia is obtained by using the EBIC technique 
(Reference 17) on a beveled edge of the sample. This value along with a value 
of D ■ 30 cm^ per second was used in calculation of s using Equations 6 and 7. 
By iteration, the points of intersection obtained with values of s are: 

(*l.l/xm s*4.1x 10^ cm/sec 

C “ 2.5 fm s “ 3.9 x 10^ cm/sec 

Use of Equation li t 

By obtaining a linear fit to the data of Table 1: 

Igc - 100 • 27 + 13.51 { 


giving again 


s “ 4 • 0 X 10^ cm/sec 

There is thus a good correlation of results between the exact equations 
6 and 7 and the approximation of Equation 11. Further, since the specimens 
tested here have values of L of 100 m or greater, the condition >jf»l is 
satisfied. Therefore, Equation 11 is used here for the resuiining data. 

Sample DCO-3 (Case II) 

By a procedure similar to that described above, Table 2 is prepared for 
the E),I|, product of 6 x 10~^ eVA giving values of I|, end for Ej, from 

4 keV to 30 keV. Since for this sample the condition ^»1 is satisfied, and 
the data give a good linear fit of Ig^ vs ( data (Figure 11), s is again 
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obtained by using Equation 11. Conaidaring raadings froa 10 to 30 kaVf this 

gives t 


- 10.76 ♦ 10.96^ 

Again taking D ■ 30 cis^/see, a ■ 3.1 x 10^ ca/aac, uhieh ia an order of 
aagnitude higher than that of a freshly etched saaple (Case I above). 

PSF Solar Cell Textured with Front Surface Field 


Table 3 was obtained froa a graph siailar to Figure 10. Figure 12 is s 
plot of I 3 C vs ( to show the slow flattening of this curve. This results in 
a gradual reduction of apparent s froa slO^ca/ sec at a value of ( of 0.3 /im 
to about 8 X 10^ ca/sec for larger values of These results are given in 
the last coluan of Table 3. This reduction can be explained qualitatively as 
due to the p'*' region at the silicon surface. 



Figure 10. Short-Circuit Current vs Beaa Current for Saaple DCO-3 (Case I) 
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TJ Solar C«ll 


Table 4 waa obtalnad in a aannar aiailar ta that of tha pravioua tno 
saaplaa. A plot of va ( ia givan in Figure 19. A coapariaon of thia 
figure with Figure 11 will ahow that inataad of flattening, the currant 
raaponaa incraaaea aharply for daapar baaa ponatrationa. Kalovant a valuea 
are in tha laet coluan of Table 4. In Tablaa 3 and 4, valuaa of a are 
obtained by piacawiaa linear fit of tha curvoa in Figuraa 11 and 12, 
raapactivaly, and by uae of Equation 11. 



Figure 11. Short-circuit Current veraua ( for Saaple OCO-3 (Caae II) 
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Table 1. Saapla DC0*3 (Case X) 


“b 

(kaV) 

(fm) 

*b 

(aA) 

VoltMtar 

Reading 

(«V) 

*.c 

Ir 

(par oi) 

10 

0.46 

0.150 

108 

4.68 , 


14 

0.84 

0.107 

110 

4.70 

1.18 X 103 

18 

1.30 

0.083 

117 

4.76 

at ( ■ 1.1 /xB 

22 

1.85 

0.068 

127 

4.84 : 


26 

2.47 

0.058 

132 

4.88 

9.8 X 102 
at ( ■ 2,5 fm 

30 

3.18 

0.050 

144 

4.97 



Table 2. Sanpla DCO-3 (Case 11 ) 

*b 


lb 

Voltaetar 




Reading 

(keV) 

(fm) 

(nA) 

(■V) 

4 

0.09 

0.150 

9.30 

6 

0.19 

0.100 

12. OC 

8 

0.31 

0.075 

13.75 

10 

0.46 

0.060 

15.75 

14 

0.84 

U.043 

20.00 

18 

1.30 

0.033 

25.00 

22 

1.85 

0.027 

31.00 

26 

2.47 

0.023 

38.00 

30 

3.18 

0.200 

45.50 


It 







Tabic 3. Pront-Surfaea-Flald Solar Coll with Taxturad Surfaea 


(kaV) 

( fim ) 

lb 

(flA) 

Voltaatar 

taading 

(HP) 

■ 

(ea/aae) 

6 

0.19 

0.060 

48 


8 

0.31 

0.045 

97 

o 

If 

10 

0.46 

0.036 

130 


12 

0.64 

0.030 

170 

1 X 10 * 

14 

0.84 

0.026 

197 


16 

1.06 

0.023 

220 

1 X 10* 

18 

1.30 

0.020 

222 


20 

1.56 

0.018 

232 


22 

1.85 

0.016 

250 


24 

2.15 

0.015 

251 

3.6 X 10 ^ 

26 

2.47 

0.014 

265 


28 

2.81 

0.013 

270 

8.4 X 103 

30 

3.18 

0.012 

270 
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Tabl« 4. Tmdm* Janet ion Solar Call with Toxtarad Sorfaea 


*h 

(koV) 

e 

(fm) 

Xh 

(nA) 

Voltaatar 

laading 

(WV) 

a 

(cw/tac) 

8 

0.31 

0.188 

11 


iv 

0.46 

0.150 

20 


12 

0.64 

0.125 

24 

6.3 X lO’ 

14 

0.64 

0.107 

28 


16 

1.06 

0.094 

35 

3.3 X 10^ 

16 

1.30 

0.083 

44 


20 

1.56 

0.075 

55 


22 

1.85 

0.068 

63 


24 

2.15 

0.063 

77 


26 

2.47 

0.058 

99 


28 

2.81 

0.054 

117 

sl07 

30 

3.18 

0.050 

134 
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VOLTMCiat tEAOING ^V) 



PENETRATION OCPTH E(m«) 

Figure 12* Short-Circuit Current va ( for 
Front-Surf ece-Pield Soler Cell 
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VOLTMETER READING 


140 



Figure 13. Short-Circuit Current ve ^ for 
Tandem-Junction Solar Cell 
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Th«r« i« «oM diicrtpaney in th« litnraturn mgarding tha ionisation 
anargy raquirad for alactron-hola pair craation at low anargiaa. For baaa 
voltagaa of 12 to 30 kaV» valuas of a^ •• 3.6 aV hava baan datarainad 
(Rafaranca 14). Howavart at 5 kaV a valua aa high aa 29 aV haa baan citad. 
lha praaant raaults show a good fit of tha data froa 10 kaV to 30 kaV with 
a^ • 3.6 aV. Tha raduction of at B), <• 4 kaV can ba accountad for in thaaa 
data by conaidaring a£ ■ 4.5 aV. 

Tha raadingt on tha front-aurfaca-fiald aolar call show a gradual 
flattaning of currant rasponsa with baaa panatration. Part of tha ganaration 
of alactron-hola pairs is vary naar, or in, tha top p'^ layar, auseaptibla to 
tha high raconbination rata of tha aurfaca. At graatar panatration dapth, 

Mat of tha carriar ganaration takas placa balow tha top p^ ragion. Thus, 
this p^ ragion acts as a raflactor for wost of tha ganaratad minority 
carriars, and tha apparant surfaca raconbination valocity dacraasas. 

For tandan- junction cells with an n'*' layer on top, a ravarsa affect is 
observed. Further, at deeper panatration, more generated carriars are able to 
arrive at tha bottom contacts, resulting in a higher alactron-baam-inducad 
currant. Most of tha minority >:arriars diffusing toward tha top contact, 
however, do not contribute to 1,^ and recombine at tha aurfaca. This 
results in a higher measured valua of s. Tha valuas of presumably would 
saturate at higher ( valuas. This larger s valua is consistent with tha fact 
that tha front junction does not act as a minority carriar raflactor until tha 
light induced forward bias bacomas significant C&0.4 volts) (Rafaranca 18). 

Electric fields at junction interfaces in FSP and TJ calls acting as 
minority carriar reflectors and sinks tend to altar the measured valua of s 
for varying depths of carrier generation. 
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SECTION VI 


CONCLOSION 


A refined technique for the Beesurement of surface recombination 
velocity, s, is presented. Experimental results on solar cells and related 
geometry demonstrate the usefulness of this technique. A simplified fonsula 
has been obtained for silicon in which the minority carrier diffusion length L 
is large compared with the beam penetration depth. Use of this foranila 
enables determination of s without measuring L. This technique can be used 
for the study of surface passivation of solar cells. Variation of s values 
from 8 X 10^ to 10^ cm/ sec for different surfaces is obtained. Etched 
samples have been shown to degrade with time. The effect of minority carrier 
reflectors and sinks in a front-surface-field solar cell and in a tandem- 
junction solar cell has been shown. 
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